





IS  A MUCH MORE  SUITABLE  FUEL  SOURCE  CONCERNING  ITS  HIGHER 
ATOMIC  RATIO  OF  (#  .ATURAL  GAS  SOURCES  THAT  MAINLY 
CONSIST  OF  #(  ARE  SO  REMOTE  FROM  THE  CONSUMERS  THAT 
TRANSPORTATION  OF  ,.'  LIQUE½ED  NATURAL  GAS	  IS  OFTEN 
UNECONOMIC .ATURAL GAS THAT  IS PRODUCED ALONG WITH OIL  IS 
OFTEN  ¾ARED  AND  ACCOUNTS WITH MORE  THAN  BILLION  CUBIC 
METERS ANNUALLY AND THIS HAS A SIGNI½CANT DETRIMENTAL EFFECT 
ON  THE  ENVIRONMENT  ;=  4HUS  THERE  IS  A  KEEN  INTEREST  IN 
CONVERTING  #(  CATALYTICALLY  INTO  HIGHER  VALUABLE  CHEMICALS 
; = EG METHANOL THAT IS ONE OF THE SEVEN BUILDING BLOCKS 
IN ORGANIC CHEMISTRY ;= 4HE REASON WHY NO GOOD CATALYST HAS 
BEEN  DEVELOPED  FOR  LOW  TEMPERATURE  PARTIAL  #(  OXIDATION 















ON  GOLD  ALTHOUGH  GOLD  HAS  BEEN  SHOWN  TO  BE  SURPRISINGLY 
ACTIVE  FOR  MANY  OTHER  REACTIONS  ESPECIALLY  #/  OXIDATION 




TRANSFER  FROM  THE  SMALL  GOLD  PARTICLES  TO  ADSORBED  OXYGEN 
;= AND THE ROLE OF LOWCOORDINATED GOLD ATOMS ; ¯= 
)T HAS ALSO BEEN  SUGGESTED  THAT  THE CATALYTIC ACTIVITY  COULD 
PERHAPS BE IN¾UENCED BY A RELATIVISTIC EFFECT ON THE S ORBITAL 
OF THE HEAVIER ELEMENTS ESPECIALLY 0T AND !U ;A= 4HE MAJOR 
DRAWBACK  TO GOLD  IS  ITS  LOW MELTING POINT  THAT  CAN  LEAD  TO 
SINTERING OF GOLD NANOPARTICLES ;¯= AND THEN THE ACTIVITY 





GOLD  NANOPARTICLES  PROCEEDS  AT  LOW  TEMPERATURE  WITH  A 
STRONG TENDENCY TO FORM #/ ;= 0ARTIAL OXIDATION OF #( TO 
#/  AND  (  HAS  BEEN  STUDIED  ON  VARIOUS  OTHER  SUPPORTED 
NOBLE METAL CATALYSTS BY "AIKER ET AL WHO REPORTED RATES AND 
SELECTIVITY  BETWEEN  #  AND  #  ;=  &OR  A  0T!L/ 
CATALYST  IT  WAS  RECENTLY  REPORTED  THAT  OXYGENRICH  SURFACES 
SEEM TO SUPPRESS THE DISSOCIATIVE ADSORPTION OF #( RESULTING 
IN  LOW #( OXIDATION ACTIVITY  IN EXCESS OXYGEN  ;= !T HIGH 
TEMPERATURES # ¯ #	 IT HAS BEEN SHOWN THROUGH 
ISOTOPE  LABELING  STUDIES  ON  #(  REFORMING  REACTIONS  OVER 




































MUCH  FASTER  THAN  THE  KINETICALLY  RELEVANT  STEPS  FOR  #( 
CHEMICAL  CONVERSION  TO  SYNTHESIS  GAS  ;=  4HE  AUTHORS 
CONCLUDE  IN  THAT  STUDY  THAT  #/  ACTIVATION  STEPS MUST  BE 
QUASIEQUILIBRATED  AND  KINETICALLY  IRRELEVANT  2ECENT  STUDIES 
SUGGEST THAT THERE IS A CONDITION DEPENDENT MECHANISM FOR 
THE  REFORMING  REACTION  OF  #(  WITH  #/  FORMATION  BEING 
DOMINANT AT  LOWER  TEMPERATURES AND #( ACTIVATION  TAKING 
OVER AT HIGHER TEMPERATURE ;=
)N THE PRESENT CONTRIBUTION WE FOCUS ON LOWTEMPERATURE 
#(  OXIDATION  ON  VARIOUS  METALOXIDE  SUPPORTED  GOLD 
CATALYSTS 4HE MAIN OBJECTIVE IN THIS EXPERIMENTAL WORK IS TO 
STUDY  THE  CONTRIBUTION  OF  THE  METALOXIDE  SUPPORT  TO  THE 
CATALYTIC REACTION FOR DIFFERENT SUPPORT MATERIALS 7E PRESENT 
OUR  ½NDINGS  BASED  ON  STEADYSTATE  ACTIVITY  MEASUREMENTS 
AND  4%-  ANALYSIS  !NOTHER  ISSUE  WAS  TO  CHECK  WHETHER  BY 





3TEADYSTATE  ACTIVITY  MEASUREMENTS  OF  VARIOUS  METALOXIDE 
SUPPORTED  GOLD  CATALYSTS  WERE  PERFORMED  IN MINIREACTORS 
4HESE MINIREACTORS  ARE  BASICALLY  QUARTZ  GLASS  TUBES WITH  A 
REACTOR VOLUME OF APPROXIMATELY  MM 4HEY WERE HEATED 
USING  A  HOTPLATE  4HE  TEMPERATURE  WAS  MEASURED  WITH  A 
+TYPE  THERMOCOUPLE  AND  CONTROLLED  USING  A  0)$CONTROLLER 
%UROTHERM	  4HE  REACTANTS  #(    PURITY	  AND  / 








7ITH  ARGON  AS  THE  CARRIER  GAS  THE  '#  IS    TIMES  MORE 
SENSITIVE TO ( THAN TO #/ AND A #( CONCENTRATION BELOW 
  COULD  STILL  BE  DETECTED  4O  AVOID  CONDENSATION  OF 
WATER FORMED BY THE CATALYTIC REACTIONS THE TUBING BETWEEN 
THE MINIREACTOR AND  THE '# WAS KEPT AT A  TEMPERATURE OF 
#  WHEREAS  THE  CAPILLARY  OF  THE  '#  ITSELF  WAS  KEPT 
AT #
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REMEASURED  TO  CON½RM  THAT  THE  CATALYST  DID  NOT  CHANGE 
DURING THE REACTIONS 4O VERIFY THAT THE APPLIED GASES DID NOT 
ALTER  THE  CATALYSTS  THE  DESCRIBED  SCHEMES  WERE  RUN  ONCE 
MORE IN INVERSE ORDER USING A FRESH CATALYST &OR STEADYSTATE 





4HE GREATEST AMOUNT OF HEAT  LIBERATED DURING  THE  REACTION 




STATED BY  THE  SUPPLIER WE  USED BOTH  TRANSMISSION  ELECTRON 
MICROSCOPY 4%-	 AND 8RAY ¾UORESCENCE 82&	 &OR THE LATTER 
TECHNIQUE  WE  USED  A  -INIPAL    8RAY  SPECTROMETER 
0!.ALYTICAL	  4HE  SIZE  DISTRIBUTION  AND  SHAPE  OF  THE  GOLD 
PARTICLES WERE PROBED USING A 4ECNAI 4 4%- OPERATING AT 
 K6 3PECIMENS OF THE CATALYST WERE TAKEN BEFORE AND AFTER 








AN  ALGORITHM  BASED  ON  LOCAL  THRESHOLDING  WAS  APPLIED  TO 
IMPROVE THE DETECTION OF THE PARTICLES
 2ESULTS
4HE  PURITY  OF  THE  CATALYSTS  USED  WAS  CHECKED  USING  82& 
#ATALYST " CONTAINED TRACES OF &E AND .I  IN CATALYST # WERE 
FOUND TRACES OF &E AND #U WHEREAS  IMPURITIES  IN CATALYST ! 
MUST  HAVE  BEEN  BELOW  THE  DETECTION  LIMIT  OF  THE  SYSTEM 
USED 4O  STUDY  THE  IN¾UENCE OF  THE PRETREATMENT AND  THE 
CATALYTIC REACTIONS ON THE CATALYSTS 4%- IMAGES WERE TAKEN 
OF SPECIMENS OF THE CATALYSTS AS SUPPLIED AFTER PRETREATMENT 

































































































&IGURE  A	  SHOWS  A  TYPICAL  4%-  IMAGE  OF  #ATALYST  !  AFTER 









APPLIED  IN  THIS  STUDY  ;=  WHERE  SUBSTANTIAL  SINTERING  WAS 




AFTER  REACTION  ON  CATALYST  "  4HE  AVERAGE  PARTICLE  SIZE  WAS 
DETERMINED  TO  BE    NM  !LSO  THIS  CATALYST  WAS  VERY 
STABLE SINCE THE PARTICLE SIZE DID NOT CHANGE SIGNI½CANTLY 
#ATALYST # CONTAINED RIGHT FROM THE BEGINNING BIGGER GOLD 
PARTICLES  4HE  MEASUREMENT  OF  PARTICLE  SIZES  FROM  4%- 
IMAGES WAS  DIF½CULT  DUE  TO  THE  HIGH  CONTRAST  OF  THE  !L/ 
CRYSTALS  SUPPORTING  THE  NANOPARTICLES  AND  CURVES MUST  BE 
INTERPRETED  WITH  CAUTION  (OWEVER  THE  SIZE  DISTRIBUTION 
INDICATES AVERAGE PARTICLE SIZES GREATER THAN THAT OF THE OTHER 




ENERGIES  FOR  #(  OXIDATION  ON  THE  THREE  DIFFERENT  CATALYSTS 
EVALUATED WERE DETERMINED TO BE APPROXIMATELY THE SAME FOR 
THE FEED GAS RATIO OF #(  /   4HE VALUES ARE SUMMARIZED 
IN  4ABLE    4HE  SPECI½C #(  OXIDATION  RATE  INDICATES  CLEARLY 
THAT CATALYST ! WAS THE MOST ACTIVE ONE &OR THIS CATALYST THE 
CONVERSION  OF  #(  TO  #/  ACCORDING  TO  EQUATION  	  WAS 
GREATEST WITH  AT # AS IS SHOWN IN &IGURE  !LSO IN 










"ESIDES  THE  RESULTS  SHOWN  HERE  FOR  AN  APPLIED  FEED  GAS 
RATIO  OF  #(    /      IT  IS  WORTH  MENTIONING  THAT 
TRACES  OF  #(  COULD  ONLY  BE  DETECTED  ON  #ATALYST  !  AND 
WHEN  THE  FEED  GAS  OF  REACTANTS  WAS  APPLIED  IN  A  RATIO 














































































REACTION  BARRIER  THE  APPARENT  ACTIVATION  ENERGIES  DID  NOT 
VARY  SIGNI½CANTLY  #ONCERNING  THE  SPECI½C  RATE  FOR  #( 
OXIDATION #ATALYST ! PROVIDED THE HIGHEST TURNOVER NUMBERS 
OF ALL THE CATALYSTS TESTED 4HIS IS PROBABLY ALSO RELATED TO THE 
FACT  THAT  #ATALYST  !  HAD  THE  SMALLEST  GOLD  NANOPARTICLES 
)F  WE  KEEP  IN  MIND  THAT  ALL  THE  CATALYSTS  USED  WERE 
PREPARED  BY  THE  SAME  PREPARATION  METHOD  IT  CAN  BE 
CONCLUDED FROM THESE RESULTS THAT 4I/ IS A GOOD SUPPORT FOR 
CATALYTICALLY  ACTIVE  GOLD  #OMPARED  TO  #/  OXIDATION  WE 
SHOULD NOTE THAT THE SPECI½C OXIDATION RATE FOR #( OXIDATION 
IS  HOWEVER  MORE  THAN    TIMES  LESS  THAN  FOR  #/ 
OXIDATION ON A CATALYST OF THE SAME BATCH ALREADY OBSERVED 
AT A TEMPERATURE OF # ;=
)N  ADDITION  TO  THE  ACTIVITY  WE  ADDRESSED  THE  ISSUE  OF 
STABILITY BY INVESTIGATING CHANGES IN PARTICLE SIZE USING 4%- 
&ROM OUR OBSERVATIONS NANOSIZED GOLD SEEMS TO BE INHIBITED 
FROM  SINTERING  DURING  #(  OXIDATION  &OR  A  CATALYST  OF  THE 
SAME  BATCH  AS  #ATALYST  !  2EF  ;=  PRESENTS  A  THOROUGH 
STUDY OF #/ OXIDATION USING / AND ./ AS OXIDATION AGENT 
4HESE  REACTIONS  PROCEED  AT  TEMPERATURES  BELOW  # 
(OWEVER IT IS ALSO SHOWN THAT EVEN AT SUCH LOW TEMPERATURES 
SINTERING  OF  GOLD  NANOPARTICLES  OCCURS  WHEN  ./  IS  USED 
/N THE OTHER HAND A SIMILAR NONSINTERING PHENOMENON WAS 
REPORTED  FOR  ALUMINA  SUPPORTED  GOLD  CATALYSTS  WHEN 
DMETAL OXIDES ARE ADDED ;= "UT IT ALSO HAS TO BE BORNE IN 
MIND  THAT  THE  CATALYSTS  IN  THAT  STUDY WERE  ½RST  CALCINED AT 
# IN / AND THIS LED TO SINTERING 4HUS THE PARTICLE SIZE 
AND  THE  ¯  STILL  UNIDENTI½ED  ¯  ACTIVE  SITES  AVAILABLE  ARE  NOT 
COMPARABLE WITH THOSE OF #ATALYST # IN OUR STUDY 4HE RESULTS 
PRESENTED  IN  THIS  CONTRIBUTION  ARE  BASED  ON  TEMPERATURE 
PROGRAMMED  REACTION  EXPERIMENTS  THAT  HAD  KEPT  THE 
CATALYST AT OR ABOVE # FOR  HOURS 4O CLARIFY WHETHER 
THE  OBSERVED  NONSINTERING  PHENOMENA  IS  ASSOCIATED  WITH 
#(  OR  /(  PRESENT  DURING  THE  REACTION  FURTHER  RESEARCH 
NEEDS TO BE DONE 








IS  THERMODYNAMICALLY  LESS  LIKELY  THAN  (#(/  FORMATION 
4HE  REASON  WHY  #(  IS  FORMED  INSTEAD  NEEDS  FURTHER 
INVESTIGATIONS  C	  4HE  PRESENCE  OF  #(  IMPLIES  THAT  THERE 
MUST BE A PATHWAY TO DISSOCIATE #( SUCH THAT TWO METHYLS 
MAY RECOMBINE SUBSEQUENTLY
!NOTHER  INTERESTING  ISSUE  IS THE STRONG TENDENCY TO FORM 
#/ IRRESPECTIVE OF THE SUPPORT USED AS IT CAN BE SEEN IN THE 
ACTIVITY MEASUREMENTS PRESENTED $URING #( OXIDATION WE 
OBSERVED (/  AND #/  FORMED  IN  A  STOICHIOMETRIC  RATIO  AS 
EXPECTED  FROM %QUATION  	  &ROM  THIS  RESULT WE CONCLUDE 
THAT  COMPLETE  COMBUSTION  OF  #(  TAKES  PLACE  OVER  ALL 
SUPPORTS 2ECENT STUDIES ; = SHOW THAT THE LOWER OVERALL 
BARRIER  FOR #/ OXIDATION   K* MOL VS  K* MOL  FOR #( 
OXIDATION  CF  4ABLE  		  INDICATES  THAT  UNDER  THESE  REACTION 
CONDITIONS  THE  POSTOXIDATION  OF  #/  PROCEEDS MUCH  FASTER 
THAN THE OXIDATION OF AN ADSORBED #( SPECIES 4HUS FOR THE 











)N  THIS  CONTRIBUTION  WE  HAVE  DESCRIBED  INVESTIGATIONS  ON 
VARIOUS METALOXIDE SUPPORTED GOLD CATALYSTS IN TERMS OF #( 
OXIDATION  UNDER  MILD  CONDITIONS    BAR  #  ¯  #	 
3TEADYSTATE  ACTIVITY  MEASUREMENTS  SHOW  THAT  #/  WAS 
FORMED  WITH  A  HIGH  SELECTIVITY  BY  COMPLETE  COMBUSTION 
OF  #(  IRRESPECTIVE  OF  THE  SUPPORT  USED  !LTHOUGH 
NANOPARTICULAR  GOLD  IS  KNOWN  TO  SINTER  EVEN  AT  LOW 
TEMPERATURE  DURING  OTHER  REACTIONS  WE  DID  NOT  ½ND  ANY 
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